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ABSTRACT

Transmembrane domains (TMDs) from single-spanning membrane proteins are commonly viewed as membrane anchors for
functional domains. Influenza virus neuraminidase (NA) exemplifies this concept, as it retains enzymatic function upon proteo-
lytic release from the membrane. However, the subtype 1 NA TMDs have become increasingly more polar in human strains since
1918, which suggests that selection pressure exists on this domain. Here, we investigated the N1 TMD-head domain relationship
by exchanging a prototypical “old” TMD (1933) with a “recent” (2009), more polar TMD and an engineered hydrophobic TMD.
Each exchange altered the TMD association, decreased the NA folding efficiency, and significantly reduced viral budding and
replication at 37°C compared to at 33°C, at which NA folds more efficiently. Passaging the chimera viruses at 37°C restored the
NA folding efficiency, viral budding, and infectivity by selecting for NA TMD mutations that correspond with their polar or hy-
drophobic assembly properties. These results demonstrate that single-spanning membrane protein TMDs can influence distal
domain folding, as well as membrane-related processes, and suggest the NA TMD in HIN1 viruses has become more polar to
maintain compatibility with the evolving enzymatic head domain.

IMPORTANCE

The neuraminidase (NA) protein from influenza A viruses (IAVs) functions to promote viral release and is one of the major sur-
face antigens. The receptor-destroying activity in NA resides in the distal head domain that is linked to the viral membrane by an
N-terminal hydrophobic transmembrane domain (TMD). Over the last century, the subtype 1 NA TMDs (N1) in human HIN1
viruses have become increasingly more polar, and the head domains have changed to alter their antigenicity. Here, we provide
the first evidence that an “old” N1 head domain from 1933 is incompatible with a “recent” (2009), more polar N1 TMD sequence
and that, during viral replication, the head domain drives the selection of TMD mutations. These mutations modify the intrinsic
TMD assembly to restore the head domain folding compatibility and the resultant budding deficiency. This likely explains why
the N1 TMDs have become more polar and suggests the N1 TMD and head domain have coevolved.

Receptors on the surface of cells and enveloped viruses are often
comprised of single-spanning (bitopic) membrane proteins.
The majority of the structures for these proteins exclude their
transmembrane domain (TMD), which has hindered the ability to
identify any potential contributions of the TMD to protein folding
and activity. Instead, studies with model and natural TMD seg-
ments in reductionist systems have been used to determine how
they interact (reviewed in references 1-3). The biological func-
tions of these TMD interactions in bitopic proteins are much less
characterized and have been linked mainly to oligomerization and
activity (4-9). The current challenge is to better define the plastic-
ity of bitopic TMD interactions and how they contribute to pro-
tein folding and activity in native biological systems.

Enveloped viruses, which have been used to identify and inves-
tigate numerous cellular pathways and processes (10—13), are an
ideal system to address these questions. Generally, a significant
amount of sequence data is available for enveloped viruses that
infect mammalian cells, and they normally carry one or more
bitopic membrane proteins with a known function (14, 15). In
addition, viral reverse genetic approaches provide the ability to
test the biological implications of TMD changes in vivo, and viral
replication often selects for viable compensatory mutations that
can be identified by viral genome sequencing.

Recently, we have exploited these features to examine the type
II membrane protein neuraminidase (NA) from influenza A vi-
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ruses (IAVs). Two NA subtypes (N1 and N2) exist in human IAVs,
and both form homotetramers with an enzymatic head domain
connected by a stalk to an N-terminal TMD (Fig. 1A). The TMD
targets NA to the endoplasmic reticulum and facilitates its mem-
brane integration and transport to the plasma membrane, where
the head domain then cleaves off the IAV cell surface receptor
(sialic acid) to promote virus release (16—18). Since the NA head
domain retains its enzymatic activity upon proteolytic cleavage off
the viral membrane, its TMD is thought to function primarily as a
membrane anchor (19).

However, we previously showed that the N1 TMD uses polar
residues to independently form an amphipathic tetramer that sta-
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FIG 1 Arecent N1 TMD impairs the replication of an old HIN1 virus at 37°C. (A) The three domains of an NA tetramer are shown with the 7-face TMD model
for its amphipathic assembly via the polar faces a and e (21). (B) The timeline depicts the different human IAV lineages by their hemagglutinin (H) and
neuraminidase (N) subtypes with the predicted hydrophobicity values (AG,,, values for membrane insertion) of the consensus N1 TMD sequences for the HIN1
lineages. (C) Split-transfection method for comparative viral production by reverse genetics. Trypsinized 293T cells are transfected with WSN plasmids encoding
its old N1 TMD or the recent pN1 TMD, divided into flasks containing MDCK cells at 33°C and 37°C, and viral titers are assayed by TCIDs, values. (D) The recent
pN1 TMD significantly decreases the replication of the 1933 HIN1 virus WSN at 37°C compared to at 33°C. The viral titers are displayed as means from three
independent experiments * standard errors of the means (SEM). (E) WSN and WSNPN'""™P yira] particles created by reverse genetics were isolated from the
culture medium 3 days after recovery by ultracentrifugation. The M1 and NP contents were assayed by immunoblotting and the NA content by activity, which

is displayed as a ratio to the WSN sedimented particles from 33°C. Cells that did not receive the NA plasmid were used as a control.

bilizes the stalk and allows the head domain to fold (Fig. 1A [a and
e are the polar faces of the TMD model]) (20, 21). Contradictory
to the need to conserve hydrophobicity for membrane integra-
tion, our analysis of the N1 TMDs in human IAVs showed that
they have become increasingly more polar since 1918, which re-
sults in a stronger TMD association (21). These findings suggest
the N1 TMD is potentially evolving to compensate for the selective
evolutionary changes in the enzymatic head domain that likely
affect its folding, as recent N1’s have been shown to possess lower
enzymatic activity (22).

Here, we manipulated the NA TMD hydrophobicity and as-
sembly in an “old” prototypical HIN1 virus and exploited the
replication and mutation capacity of the virus to investigate the
impact of these TMD changes in a biological context. Our results
show that the relationship between the NA TMD and enzymatic
head domain is critical for viral budding and replication and that
IAVs select for rescue mutations in the TMD. These mutations
strongly correlate with the mechanism of TMD assembly (e.g.,
polar substitutions in amphipathic TMDs and hydrophobic sub-
stitutions in hydrophobic nonamphipathic TMDs) and restore
the folding efficiency of the distal NA head domain and subse-
quently viral budding. Our findings demonstrate that TMDs can
significantly influence the folding and function of distal domains
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in bitopic proteins and suggest that N1 TMDs in human influenza
viruses have altered their intrinsic polar assembly properties to
compensate for changes in the head domain.

MATERIALS AND METHODS

Plasmids. The influenza virus A/WSN/33 (H1IN1) eight-plasmid reverse
genetics system was used as the backbone for all HIN1 viruses (23). The
WSNPNITMD virys was created by using overlap cloning (24) to replace
the WSN NA TMD coding sequence with the human pN1 TMD consen-
sus sequence generated from the NCBI Influenza Virus Resource Data-
base (identical in amino acid sequence to A/California/04/09). In this
construct, the a face Asn residues at positions 21 and 28 in the pN1 TMD
were mutated to Ala to produce the pN1 TMDAA chimera. For individual
analysis, full-length NA (from WSN) and the pN1 TMD and pNl1
TMDAA chimeras were fused to the C-terminal Myc-His tag in the mam-
malian expression vector pcDNA3.1A-Myc-His (Invitrogen) by PCR
overlap cloning as previously described (20). The pBLM plasmids, used
for TMD interaction studies, containing the NA TMDs are previously
described (21). All the TMD mutations in the different constructs were
introduced by site-directed mutagenesis, and sequencing was used to ver-
ify the plasmids before use (Eurofins MWG Operon).

Cell culture and individual NA transfections. MDCK and HEK 293T
cells, obtained from ATCC, were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen) supplemented with 10% fetal bovine se-
rum (FBS) and 100 U/ml of penicillin and streptomycin (P-S) and kept in
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a humidified atmosphere at 33°C or 37°C with 5% CO,. For each trans-
fection, 3 pg of plasmid DNA was incubated for 20 min with 10 pl of LT-1
(Mirius) in 1 ml of Opti-MEM (Invitrogen). Trypsinized 293T cells were
resuspended in Opti-MEM-10% FBS to a cell density of 1 X 10° cells/ml,
2 ml of cells was added to the transfection mixture, and 1.45 ml of the
resulting cell and transfection mix was added to two 3.5-cm dishes that
were placed at 33°C and 37°C. Forty-eight hours posttransfection, cells
were washed with phosphate-buffered saline (PBS), pH 7.4, and collected
by scraping in 150 wl of lysis buffer (20 mM Tris [pH 7.4], 150 mM NaCl,
1% n-dodecyl B-p-maltoside, 10 mM N-ethylmaleimide, 1X protease in-
hibitor [Sigma]). Lysates were sonicated on ice for 30 s and sedimented
(20,000 X g, 5 min), and the postnuclear supernatants were retained.

Split-transfection method for IAV production by reverse genetics.
WSN, WSNPNI-TMD 10 4 WSNPNI-TMDAA (i ses were generated at 33°C
and 37°C by an altered version of the standard eight plasmid protocol
(23). First, MDCK cells were harvested by trypsinization and resuspended
to a density of 1 X 10° cells/ml in Opti-MEM—10% FBS. For each virus, 1.5
ml of MDCK cells was added to two 25-cm? flasks, which were placed in
incubators at 33°C or 37°C. Next, 1 pg of each of the eight plasmids (the
NA plasmid was exchanged for the different chimeras) was mixed in 1.5
ml of Opti-MEM with 20 pl of LT-1 and incubated for 20 min in a 15-ml
tube. After the incubation, 293T cells were trypsinized, sedimented
(500 X g, 3 min), and resuspended to a density of 1 X 10° cells/ml in
Opti-MEM, and 1.5 ml of cells was added to the plasmid transfection
mixture and incubated for 15 min. The 3-ml mixture was then split, and
1.45 ml was added to the MDCK cell flasks at 33°C and 37°C. A sample was
taken 24 h posttransfection, and the medium was then replaced with 3 ml
infection medium (DMEM with 0.1% FBS, 0.3% bovine serum albumin
[BSA], 1% P-S, and 2.5 pg/ml of TPCK trypsin) and incubated for an
additional 48 h, with samples taken every 24 h.

Viral titer determination, passaging, and sedimentation. Viral titers
at 24, 48, and 72 h posttransfection were determined by titration on
MDCK cells and calculated as the median tissue culture infectious dose
(TCIDy,) per milliliter at 33°C or 37°C, matching the temperature at
which the virus was generated. The final titers were determined by the
observation of cytopathic effects (CPE) at 72 h according to reference 25.
For viral passaging, confluent monolayers of MDCK cells cultured at 33°C
and 37°C were infected with the recombinant viruses generated at the
same temperature using a multiplicity of infection (MOI) of ~0.001. At
day 3, the viral supernatant was isolated, the titer was determined, and this
procedure was repeated for the indicated number of passages. To isolate
the viral particles, 1 ml of culture medium from 72 h posttransfection was
sedimented for 5 min at 10,000 X g, and 800 pl of the supernatant was
layered on top of a 400-pl sucrose cushion (100 mM Tris [pH 7.4], 150
mM NaCl, 0.63 M sucrose). After sedimentation for 45 min at 70,000 X g,
the supernatant was removed and the viral particles were resuspended in
150 pl of lysis buffer.

NA activity assay and immunoblotting. Sialidase activity was deter-
mined for each NA sample panel prior to immunoblotting by mixing 5
wl of postnuclear supernatants with 190 pl of reaction buffer (0.1 M
potassium phosphate [pH 6.0], 1 mM CaCl,). Reactions were initiated
with 5 pl of 2 mM 2'-(4-methylumbelliferyl)-a-p-N-acetylneuraminic acid
(Sigma), and the activity was determined as previously described using the
linear range of the 450-nm emission spectra over 30 min using a Spectra-
Max Gemini EM (20). Samples were then diluted with untransfected cell
postnuclear supernatant to equivalent activity levels. Equal amounts were
mixed 1:1 with nonreducing or reducing (0.1 M dithiothreitol [DTT])
Laemmli sample buffer, heated to 37°C for 10 min, resolved by SDS-
PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane
(26). Membrane processing has previously been described (20). The fold-
ing efficiency was determined by normalizing the sialidase activity to the
respective band intensity of the sample from a reducing immunoblot,
with the value obtained for NA™SN at 33°C set to 100%. For bacterial
samples, an A, value of 1 for Escherichia coli was sedimented (5,000 X g,
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5 min), directly resuspended in reducing Laemmli sample buffer, and
sonicated prior to SDS-PAGE.

RNA extraction, PCR amplification, and sequencing. Virus-contain-
ing medium was harvested ~72 h posttransfection or postinfection and
clarified by sedimentation (5,000 X g, 5 min), and the supernatant was
layered on top of a 20% sucrose cushion (100 mM NaCl, 10 mM Tris-Cl
[pH 7.4]) and sedimented (130,000 X g, 40 min, 4°C) in a Beckman TLA
100.2 rotor. Viral RNAs were extracted from the viral pellet with the
RNeasy minikit (Qiagen). cDNAs were generated with the AffinityScript
multiple temperature cDNA synthesis kit (Agilent) with a primer comple-
mentary to the conserved 3" end of the viral RNAs. The NA, hemaggluti-
nin (HA), and matrix (M) genes were amplified by PCR, purified with a
PCR clean-up column (Promega), sequenced (Eurofins MWG Operon),
and analyzed using Lasergene 8.0 software.

TMD interaction measurements. SU101 E. coli cells with an lacZ gene
regulated by an LexA operator (27) were transformed with each pBLM
TMD expression plasmid and grown overnight in lysogeny broth (LB)
with 100 pg/ml ampicillin. Cultures were back-diluted to an A, value of
0.1 in LB with 100 pg/ml ampicillin and induced with 50 pM isopropyl-
B-p-thiogalactopyranoside (IPTG) at 37°C for 2.5 h until an A, value of
~0.6. The relative interaction strength (RI) was determined by normaliz-
ing the B-galactosidase activity from each sample (X,) to the activity of
cells with an empty vector (X,), where X, = X/X,, and using the
formula RT = 100%(1 — X,o)-

Sequence analysis and statistics. All NA and M2 protein sequences
from the indicated IAV populations were retrieved from the NCBI Influ-
enza Virus Resource Database and separated by their date of isolation,
geographic location, and species origin. Predicted hydrophobicities of the
TMDs (AG,,,) and each TMD face (AG, ) were calculated using the

" app X R app-face
AG predictor (28) as previously described (21).

RESULTS

A “recent” N1 TMD impairs the replication of an “old” HIN1
influenza virus. Every IAV contains a genome segment that en-
codes 1 of the 16 hemagglutinin subtypes (H1 to H16) and an-
other which encodes 1 of the 9 neuraminidase subtypes (N1 to
N9) (29). In humans, only IAVs with the combinations of HINT1,
H2N2, and H3N2 have circulated for extended time periods dur-
ing the last century (Fig. 1B); this includes two earlier HIN1 lin-
eages (1918 to 1957 and 1977 to 2010) and the current pandemic
virus (pH1INT1) lineage that began in 2009. From one lineage to the
next, surface residues on the N1 head domains have changed due
to antigenic pressure, coincident with decreases in TMD hydro-
phobicity and enzymatic rate (V,,,,,) (21, 22). The sequential hy-
drophobicity decrease is shown by the predicted AG,,,, values of
membrane insertion (28) for the consensus N1 TMDs from each
HINI lineage going from negative to more positive (Fig. 1B, —0.6
kcal/mol to +0.03 kcal/mol to +1.3 kcal/mol).

First, we investigated the relationship between the N1 TMD
and the head domain by modifying an old HINI1 virus to carry a
more polar, recent N1 TMD (Fig. 1B). The well-characterized
1933 HINI1 lab strain, A/WSN/33 (WSN), was chosen as the old
background strain because its TMD matches the consensus N1
TMD sequence of the human HIN1 viruses sequenced from 1918
to 1957. In the WSN background, the N1 TMD was exchanged
with the consensus N1 TMD sequence from the contemporary
pHINI viruses to generate the chimera (WSNPN!"TMD),

Next, we created a reproducible split-transfection assay for
IAV production by reverse genetics that compares viral replica-
tion at 37°C and 33°C to identify NA folding defects that impact
viral replication and to control for possible failures in virus recov-
ery (Fig. 1C). The temperature range was based on previous ob-
servations that NA-defective viruses can be recovered at 33°C but

norm
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FIG 2 Nonoptimal N1 TMDs are under temperature-dependent selection pressure. (A) Viral passaging and sequencing. MDCK cells at 33°C and 37°C were
infected at an MOI of ~0.001 with the WSN and WSNPN!"T™™MP yiryges generated at 33°C or 37°C for 3 days and repeated for the indicated number of passages
(P). For each passage, viruses were isolated 3 days postinfection, and genomes were extracted and sequenced. (B) pN1 TMD mutations were selected for in the
WSNPNFTMP vipyges produced and passaged twice at 37°C (pink box, 37°C P = 2) and when it was produced at 33°C and passaged twice at 37°C (pink box, 33°C
to 37°C P = 2). Nonsynonymous (red) and synonymous (green) mutations are displayed with the amino acid number and the TMD face (a to g). (C) The
replication efficiency of WSNPN'"™D virus at 37°C was rescued by the virus-selected pN1 TMD mutations (M19V, 132T, and 129T/I32T). Graphs display the
mean titers = SEM at 33°C (blue lines) and 37°C (pink lines) from split transfections of the indicated WSNPN'""™M mutants created by reverse genetics. WSN
and WSNPN!TMP titers from Fig. 1D were included for comparison. (D) Following reverse genetics recovery for 3 days, the indicated viral particles were isolated

from the culture medium, and the NP and M1 contents were determined by immunoblotting.

not at 37°C to 39°C, because the folding defects lower the thermal
stability of NA (30-32). In this assay, trypsinized 293T cells are
transfected with the standard reverse genetics plasmids (23), and
the cells are then split and cocultured with MDCK cells (for viral
propagation) at 37°C and 33°C. WSN titers provided an addi-
tional control, as this virus is known to replicate faster at 37°C than
at 33°C (33).

Both the WSN virus and the WSNPNY™P chimera, which car-
ries the recent, more polar pN1 TMD, were generated at 37°C and
33°C (Fig. 1D). Surprisingly, the WSNPN'"T™P vira] titers pro-
duced at 37°C were significantly lower than those for WSN,
whereas the WSNPN'"TMP yira] titers obtained at 33°C were only
slightly lower than those for WSN (Fig. 1D). As expected, WSN
replicated faster at 37°C than at 33°C. The fitness loss of the
WSNPNEIMD wirys at 37°C suggests that the recent, more polar
pN1 TMD is incompatible with the older WSN head domain,
likely resulting in folding defects that are suppressed at the more
permissive temperature of 33°C.

The WSNPNUT™P virys displays a temperature-dependent
budding defect. The drop in the WSNPN"T™P vira] titer can result
from either an increase in defective particle production or a defi-
ciency in viral budding. To discern between these two possibilities,
WSN and WSNPNUTMP barticles from 3 days posttransfection
were isolated by ultracentrifugation and examined for their M1,
NP, and NA contents (Fig. 1E). Compared to WSN, the
WSNPNEIMD 3 rticles isolated at 37°C and 33°C displayed lower
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NP levels, and M1 was detected only in the particles isolated at
33°C. While M1 may be below the level of detection for the
WSNPNETIMD 4 rticles isolated at 37°C, the ratio of the NA activ-
ities in the isolated particles approximately reflected the differ-
ences in the viral infectivity. Together, these data indicate that the
lower WSNPN!T™D titers are due to a defect in viral budding.

The WSNPN'"T™MP yirys selects for N1 TMD mutations to re-
store replication at 37°C. To gain insight into the potential defect
caused by the N1 TMD exchange, we investigated if the WSNPN!-
™D virus would evolve compensatory mutations. Both WSN and
WSNPNITMD yigses were generated at 33°C and 37°C and pas-
saged twice at their respective temperatures in MDCK cells, and
the NA TMD region from the resulting viruses was sequenced
(Fig. 2A). In three independent trials, at least one mutation ap-
peared in the NA TMD from the WSNPN'"™P virys passaged
twice at 37°C but not when it was passaged twice at 33°C (Fig. 2B,
37°C P = 2). The WSN virus sequences remained unaltered at
both temperatures.

To confirm that the mutations in the pN1 TMD resulted from
a replication adaptation at 37°C, WSNPN'"™P virys produced at
33°C was passaged twice at 33°C and then passaged two additional
times in MDCK cells at 33°C or 37°C. Again, similar mutations
appeared in the N1 TMD once the virus was switched to 37°C (Fig.
2B, 33°C to 37°C P = 2), but this approach led to more mixed
populations, as each mutation site showed a small peak for the
original nucleotide (data not shown). Most of these mutations
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were already identified in pure viral populations (Fig. 2B, 37°C
P = 2), confirming that replication of the WSNPN'""™P virys at
37°C selects for N1 TMD mutations. It should be noted that
small peaks for N1 TMD mutations also began to appear in the
WSNPNIIMD viryses after five passages at 33°C (data not shown),
which further indicates that the recent pN1 TMD causes a defect
in the older N1 head that is largely suppressed at 33°C.

To check for other potential compensatory mutations, the en-
tire NA, HA, and M segments were also sequenced, because the
activity of NA and HA are related, and HA protein maturation
involves the M2 ion channel (34-38). In the WSNPNITMD yiryges
produced at 33°C and 37°C, no substitutions were found in the M
segment, and in one experiment, an 1265K HA (WSN numbering)
mutation was observed that is buried in the receptor binding do-
main (see Table S1 in the supplemental material). Surprisingly,
two of the three WSNPN' ™™D yiryses passaged twice at 33°C ac-
quired mutations (L123F, S156L, and P442T [WSN numbering])
at the oligomeric interface between NA head domain monomers.
In contrast, all the WSNPN!"™P popylations passaged at 37°C
contained high frequencies of pN1 TMD mutations at the nucle-
otide (~2%) and amino acid (~5%) levels, and only one popula-
tion showed a mutation outside the TMD region in the NA stalk
(I68T [WSN numbering]). Thus, WSNPN -IMD yiruses produced
at 37°C preferentially select for mutations in the N1 TMD, while at
33°C, a tendency to select for mutations in the head domain oli-
gomeric interface was observed, which suggested they both may
impact NA folding.

The WSNPNUIMP viryses were independently generated at
33°C and 37°C with the M19V, I32T, and 129T/I32T pN1 TMD
mutations to directly test if they would rescue the replication
fitness at 37°C. In all three cases, the TMD mutations restored
the faster replication at 37°C and showed replication kinetics
comparable to that of WSN (Fig. 2C). Analysis of the isolated
WSNPNIAMD RITAS2T yiva] particles confirmed that these muta-
tions also rescued the budding defect as the M1 and NP levels
reached those of WSN (Fig. 2D). These results demonstrate a di-
rect relationship between the N1 TMD and head domain se-
quences and that compatibility between these two domains is re-
quired for the proper replication of HIN1 viruses. When this
synergistic relationship is disrupted, it appears the head domain
drives the selection of compensatory TMD mutations that rees-
tablish the TMD-head domain compatibility.

The WSNPN"™DP mutations selected at 37°C make the am-
phipathic pN1 TMD more polar. N1 TMDs in human HIN1
viruses are amphipathic, and over time they have become more
polar (Fig. 1B) (21). The N1 TMDs from the recent pH1N1 viruses
are the most polar group with predicted hydrophobicity values
(AG,p, > 0 kcal/mol) that are not favorable for membrane inser-
tion (28). This explains our recent finding of why these TMDs
depend on cotranslational membrane insertion for their integra-
tion and inversion (39). Based on these observations, it was quite
unexpected to discover that the WSNPN'"™D virys adapted to
growth at 37°C by predominantly selecting for polar substitutions
that further decreased the predicted TMD hydrophobicity (Fig.
3A, TMD AG,,,, trend with increasing positive values). The mu-
tations from the heterogeneous mutant virus populations (e.g.,
M19T/S31P and 129T/S31P/132T/134T) were included as a group
and independently, to show the bias and variety of adaptive polar
mutations.

We previously showed that consensus N1 TMDs from the
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three human HIN1IAV lineages form stable amphipathic tetram-
ers of various hydrophobicity levels (21). The association of the
tetramers is driven by a hydrogen bond network created between
the adjacent polar a and e faces of the N1 TMD (Fig. 1A). There-
fore, each mutation was analyzed for its effect on the hydropho-
bicity of the TMD faces (Fig. 3A, AG,, occ)- The polar substitu-
tions localized to the highly polar e face (132T), the neighboring
interfaces b (129T) and d (S31P), and their adjacent faces f (M19T)
and g (I34T). The high tendency for polar mutations and the vari-
ation of their placement within the TMD suggest these mutations
could change the TMD packing by altering the hydrogen bond
network in the membrane (40).

pN1 TMD mutations alter the intrinsic association proper-
ties to match the WSN N1 TMD. To determine if the polar residue
substitutions altered the pN1 TMD assembly, the association of
the WSN N1 TMD was compared with the pN1 TMD containing
the adapted mutations using the E. coli GALLEX system (27). In
this system, the interaction strength of the TMDs is measured
within the E. coli inner membrane by the suppression of 3-galac-
tosidase expression and activity. Surprisingly, all the adaptive mu-
tations (M19V, 132T, and 129T/132T) lowered the relative pN1
TMD association level to that of the WSN N1 TMD, even though
the mutations made the TMD more polar and caused further se-
quence divergence (Fig. 3B). All of the NA TMD constructs were
expressed at comparable levels, indicating the change in 3-galac-
tosidase expression reflected a decrease in the TMD association.
Together, these results indicate that the WSN virus selected for
pN1 TMD mutations that modified its intrinsic polar assembly
properties to achieve an association level that is compatible with
the old N1 head domain in WSN.

NA head domain folding depends on the TMD compatibility.
We previously showed that the N1 TMD contributes to head do-
main folding by stabilizing the stalk in a tetrameric conformation
(20), and the WSNPNVTMP virus at 33°C showed a tendency to
acquire mutations in the N1 head domain oligomeric interfaces (see
Table S1 in the supplemental material). This indicated that the recent
pN1 TMD likely impairs viral budding by causing a folding defect in
the older N1 head domain from WSN that is more pronounced at
37°C. To address this question, the folding of NA from WSN and the
NA chimeras WSNPN™MP and WSNPNETMD ith the adaptive mu-
tations were compared in 293T cells at 33°C and 37°C. Forty-eight
hours posttransfection, the lysates were harvested and analyzed by
nonreducing (NR) and reducing (RD) SDS-PAGE to determine the
folded (NR) and total (RD) protein levels (Fig. 3C). The folding effi-
ciency was then determined by normalizing the sialidase activity to
total protein levels.

All of the NA constructs, except the WSNPNITMP MISV poqcy50
mutant at 37°C, were found to fold more efficiently at 33°C than at
37°C, validating that NA generally folds better at 33°C (Fig. 3D
and E). The NA chimera, WSNPN!"T™P ‘showed the lowest fold-
ing efficiency at 37°C, which correlated with the decreased
WSNPNEIMD peplication at 37°C. In support of this notion, each
mutation in the pN1 TMD that rescued the virus at 37°C also
increased the NA folding efficiency of WSNPNUTMP gt 37°C, n-
terestingly, the mutations enhanced the NA folding efficiency to
various degrees at both 33°C and 37°C, implying there may be a
threshold of properly folded NA required for efficient viral repli-
cation.

Together, these results demonstrate that folding of the N1 head
domain is TMD and temperature dependent and that the compat-
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represent the SD from three independent experiments.

ibility between these two domains is more important at warmer
temperatures. To compensate for TMD-head domain incompat-
ibility, HIN1 viruses modify the intrinsic amphipathic assembly
of the TMD by preferentially introducing polar mutations. These
mutations reestablish the N1 TMD-head domain compatibility by
altering the intrinsic TMD association such that proper folding of
the head domain is restored. Thus, it is likely that antigenic pres-
sure on HIN1 viruses drives the selective evolution of the N1 head
domain and results in subsequent changes in the TMD to main-
tain compatibility.

Disrupting the conserved N1 TMD assembly prevents viral
replication at 37°C. Our results show that an old HINI virus
containing the recent, more polar, and stronger-interacting pN1
TMD has impaired viral replication at 37°C that can be overcome
by the selective introduction of further polar TMD mutations.
Interestingly, all the observed mutations maintained the am-
phipathicity of the N1 TMD that is conserved in 100% of the 615
unique N1 TMD sequences from human, avian, and swine HIN1
viruses (Fig. 4A, polar a and e faces). Based on these observations,
and the effects of the pN1 TMD exchange, we hypothesized that
disrupting the N1 TMD amphipathicity would significantly im-
pair HIN1 replication at 37°C.

To test this hypothesis, the NA segment in WSN was replaced
with our previously engineered pN1 TMDAA (21). In pN1
TMDAA, Ala substitutions of the polar a face Asn residues at
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AWSN expressed at 33°C were set to 100%, and the error bars

positions 21 and 28 create a less amphipathic and more hydropho-
bic TMD (AG,,, = —1.4 kcal/mol), with a decreased intrinsic
association (Fig. 4B) (21). The examination of WSNPN!-TMPAA
replication following recovery by reverse genetics at 33°C and
37°C revealed that this virus was completely restricted to 33°C,
where it showed slower replication than WSN (Fig. 4C). Viral
particle isolation showed that the WSNPN!"TMPA4 yirys had a sub-
stantial budding defect at 37°C, as no M1, and very little NP, was
found at 37°C, whereas all were present in the particles isolated
from 33°C (Fig. 4D). These results confirm our previous observa-
tion that the N1 TMD sequence and its assembly properties sig-
nificantly affect IAV replication in a temperature-dependent
manner.

Hydrophobic mutations in the nonamphipathic pN1
TMDAA restore viral replication at 37°C. Due to the significant
growth defect, it was not possible to generate WSNPN!"TMPAA ¢
rus at 37°C by reverse genetics. Thus, the WSNPN!"TMPAA yipyg
recovered at 33°C was propagated at 37°C in an attempt to gener-
ate rescue mutations. In two separate trials, the temporal genera-
tion of infectious virus was followed over 3 days at 37°C (Fig. 5A).
When the N1 TMDs were sequenced from the virus recovered at
day 3, mixed mutational populations were seen for the codon of
Met 19 in the TMD, and the signal for each mutation was propor-
tional to the infectious titers (Fig. 5A, compare higher and lower
titer chromatograms). These results show a direct correlation be-
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from —1.4 kcal/mol to —1.7 kcal/mol. The different mutations
did not consistently alter the pN1 TMDAA association, likely be-
cause their associations are close to that of the WSN TMD, but it is
possible that the mutations cause a TMD rearrangement that is
not detected by this assay (Fig. 5C) (21). Similar mutations also
appeared in the WSNPNUTMPAA vipys after two passages at 33°C,
suggesting that the NA folding defects are more severe and not
completely suppressed at the permissive temperature.

To confirm that the N1 TMD mutations were directly respon-
sible for the replication loss at 37°C, each of the mutations was
introduced into the WSNPN!"TMPAA by ckeround by reverse genet-
ics, and their replication was analyzed at 33°C and 37°C. In all
cases, the different Met 19 mutations restored virus replication at
37°C (Fig. 5D), and the isolated WSNPNI-TMDAA MISL ) pticles
contained equivalent NP and M1 levels at 33°C and 37°C (Fig. 5E).
These results support our previous finding that selection pressure
exists on the N1 TMD and that this pressure is higher at temper-
atures =37°C. In contrast to the amphipathic pN1 TMD that was
rescued by polar mutations, the hydrophobic nonamphipathic
pN1 TMDAA was rescued by hydrophobic mutations. Thus, the
requirement for NA TMD compatibility exerts selective pressure
that is alleviated by property-dependent TMD adaptation.

Hydrophobic mutations rescue the nonamphipathic TMD-
related NA folding defects. Similar to the WSNPN'"™P NA chi-
mera, the folding efficiency of the WSNP NI-TMDAA A chimera
was better at 33°C than at 37°C but still quite inefficient at 33°C
(Fig. 5F and G). This difference likely explains why the pNl1
TMDAA rescue mutations that were required for viral replication
at 37°C also appeared after only two passages at 33°C. In line with
our previous observations, all of the viral selected mutations in the
pN1 TMDAA (M19V, M19L, and M19I) also restored the NA
folding efficiency at both 33°C and 37°C. These results demon-
strate by a second approach that folding of the N1 head domain is
TMD and temperature dependent, that poor NA folding impairs
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viral budding, and that the compatibility requirement between
these two domains increases with temperature. The comparative
analysis of the different NA TMD sequences that are compatible
with the WSN head domain revealed that the NA TMD has sub-
stantial plasticity, and, in viruses, this plasticity is restricted by the
intrinsic assembly properties of the TMD.

DISCUSSION

The findings presented here show the importance of TMDs from
single-spanning membrane proteins, as changes to the TMD can
cause subtle defects in distal domains that can profoundly affect
the biological function of the protein. More specifically, our re-
sults demonstrate that a compatibility requirement exists between
the NA TMD and its distal enzymatic head domain in HINT1 vi-
ruses that is linked to the folding efficiency of NA. Changes in
either the NA TMD or head domain that disrupt their compati-
bility result in NA folding defects that are reflected by a deficiency
in the viral budding and replication process. This relationship
forms a significant fitness barrier, which explains why the N1
TMDs have only modified their conserved amphipathic assembly.
Furthermore, the mutagenic selection during the viral replication
process revealed the plasticity of the NA TMD sequences that sup-
port head domain folding and confirmed that their compatibility
is critical for viral replication.

Our results are summarized by a model which illustrates how
the subtype 1 NA TMD and head domain have coevolved (Fig.
6A). In this model, changes in the N1 head domain, presumably to
mask antigenic epitopes, disrupt the folding compatibility with
the existing TMD. During replication, the N1 head domain drives
the biased selection of polar TMD mutations, which modify the
intrinsic amphipathic TMD assembly to restore compatibility
with the head domain. This likely explains why the N1 TMDs have
become more polar as the head domain has changed at both the
sequence and enzymatic levels (22).
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The pN1 TMD used in this study is from the human 2009
pHINT1 virus and is associated with a head domain of novel
antigenicity (41). The N1 and M segments (of pHIN1) origi-
nated from a Eurasian swine HIN1 virus, and together these
replaced the N2 and M segments in a North American swine
HIN?2 to create the pH1N1 virus (Fig. 6B) (29). To further test
if HIN1 viruses need to maintain the NA TMD and head do-
main compatibility, we tracked the Eurasian swine origin of the
pN1 head domain by the low hydrophobicity (AG,,, > 0 kcal/
mol) of its TMD (Fig. 6C, pHIN1). Upon sorting all N1 and N2
swine IAV sequences geographically and by date, the only NA
TMDs with low hydrophobicity prior to 2009 (swine =2008)
were from Eurasian swine HIN1 viruses (Fig. 6C). The NA
TMDs in the North American swine HIN1 IAVs showed low
hydrophobicity only in 2009, when this trait also surfaced in
the human population, and all of the N2 TMDs remained hy-
drophobic. The ability to trace the origin of the pN1 segment
by the properties of its TMD further supports the link between
the N1 TMD and head domain.

Previous studies have shown that TMDs from single-spanning
membrane proteins assemble by multiple mechanisms, which in-
clude hydrogen bonding and hydrophobic and charge-charge in-
teractions (42—45). By comparing the properties of the viral se-
lected mutations in the strong-interacting pN1 TMD and the
moderate-interacting pN1 TMDAA (21), a trend in their func-
tional plasticity was found. The natural polar-amphipathic pN1
TMD showed a preference to select for polar residues in a variety
of positions during adaptation at 37°C. Two of these pN1 TMD
mutants were also found in natural pHINI viruses from 2011,
indicating our approach likely generates natural TMD adapta-
tions. In the hydrophobic pN1 TMDAA, the selection preference
switched to hydrophobic residues in a conserved position. Based
on these observations, it appears the N1 TMD has substantial
functional plasticity that is restricted by its inherent mechanism of
association.

The functional roles of TMD interactions in single-spanning
eukaryotic membrane proteins have been linked mainly to homo-
and heterocomplex assembly (5, 6, 9, 46, 47). Here, we found that
the TMD contributes to the folding efficiency of the distal N1 head
domain in a temperature-dependent manner. Consequently,
changes in the NA TMD and temperature both influenced viral
replication and caused the selection of mutations that largely re-
stored the NA folding efficiency. These findings may explain pre-
viously reported impairments in IAV replication that resulted
from alanine scanning mutagenesis of the N1 TMD and the ex-
change of NA TMDs from different HIN1 or influenza B viruses
(48-50).

For the pN1 TMD, the selected mutations both enhanced the
NA folding efficiency and changed the TMD association in a mea-
surable manner by the GALLEX assay. However, none of the Met
19 mutations in the pN1 TMDAA altered its association in any
obvious pattern, yet they all enhanced the NA folding efficiency.
One possible explanation for the lack of a detectable change in the
TMD association is how the GALLEX system works (27). NA
TMDs independently exist as tetramers in both mammalian and
E. coli membranes, and the assay cannot discriminate between
dimers and tetramers (20, 21), and it is not known how changes in
these two states would affect the assay. Another explanation could
be a change in the TMD assembly orientation but not the affinity.
The TMD orientation change could stress the head domain as-
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sembly via the stalk, which could negatively impact the NA head
domain tetramerization that is required for function. Since com-
pensatory mutations were also picked up in the NA head domain
with the pN1 TMD chimera, this appears to be a likely scenario,
but more detailed studies are required.

Differences in viral replication, due to the TMD-mediated
decreases in the NA folding efficiency, were attributed to de-
fects in viral budding or release. This conclusion was based on
the decrease or absence of the viral core components NP and M1
following the sedimentation of the cell culture medium. For
WSNPNI-TMDAA “ihe data were rather straightforward, infectious
particles were present at 33°C but not at 37°C, and particles con-
taining M1 and NP could be isolated only from the cells at 33°C.
However, for WSNPN'"TMP "5 similar pattern was observed even
though infectious particles are present at both temperatures. One
difference is that detectable amounts of NA activity were observed
in the WSNPN!"™PD particles isolated at both temperatures that
reflected their infectious titer values. Thus, the incompatibility of
the NA TMD may also affect the proposed N-terminal tail recruit-
ment of M1 and subsequently NP (51), but this is speculative, and
more directed experiments are required to validate any effects on
M1 recruitment.

Examination of the N1 TMD revealed two different barriers for
adaptation. The first is a requirement for TMD association
strength to be compatible with the folding requirements of the
head domain. The second is the requirement that the resulting
conformation is adapted to the hydrophobic membrane environ-
ment. However, the amphipathic N1 and hydrophobic N2 TMD
properties are conserved in human influenza viruses (21). This
conservation suggests that the dual fitness cost associated with
dramatically altering the TMD assembly and adapting the new
conformation to the membrane is too high to overcome, resulting
in the two distinct property lineages.

In summary, our results indicate that significant selection pres-
sure exists on N1 TMDs to retain compatibility with their head
domains. Even subtle head domain folding defects due to a non-
optimal TMD severely impaired IAV replication. This observation
revealed an unexpected role of a viral TMD in pathogenesis and
illustrates the need to study membrane protein TMDs in native
biological systems. Previous findings have shown that the majority
of “NA-less” viruses still carry the NA TMD; thus, it is possible the
TMD effect we observed is also due to critical lipid or protein
interactions that facilitate viral assembly and budding (52-54).
Thus, future studies are needed to investigate the involvement of
lipids, membrane composition, and membrane-associated pro-
teins in the function of the NA TMD and the TMDs from eukary-
otic bitopic proteins.
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